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O+HCI Chemistry Models for Hypervelocity Collisions
in DSMC

T. Ozawa*and D. A. Levin'
The Pennsylvania State University, University Park, PA 16802-144
and
I. J. Wysong?
Edwards Air Force Base, AFRL-PRSA, Edwards AFB, CA 9352/

In earlier work,' atmospheric-jet interaction flows were simulated using direct simulation
Monte Carlo (DSMC) calculations for altitudes of 80, 120 and 160 km. At high altitudes,
the O(*P)4+HCI('=') — OH(’II)+CI(’P) reaction was found to contribute the most to OH
production. However, the total collision energy (TCE) reaction probability was often found
to be unphysically greater than unity. In this work, we examine in detail different reaction
models such as the TCE model using the rate constants of Mahmud et al* and Xie et al.® In
addition to the TCE model, quasi-classical trajectory (QCT) calculations were performed
to obtain the reaction probability for the O+HCI reaction with the new benchmark triplet
A” and A’ surfaces.?” Both reaction and total collision cross sections were calculated by the
QCT method. The dynamic molecule collision model was used to calculate the viscosity
cross section from which the VHS-equivalent collision cross sections were derived. The
tabulated QCT reaction probabilities were then used in the DSMC calculations to model
OH production at 120 km. It is found that the QCT-based collision cross sections are
greater than the Bird VHS cross sections, and the QCT reaction probabilities for O+HCI
are lower than the TCE probabilities using the rate of Mahmud et al. Using the QCT
reaction probability, the maximum reaction probability for the O+HCI reaction was found
to be lower than 0.4 in the atmospheric - jet interaction flows for an altitude of 120 km
and a freestream velocity of 5 km/s.

Nomenclature
X Deflection angle
n Viscosity coefficient
é...  Dimensionless post-collisional internal energy
Eint Dimensionless internal energy
Etr Dimensionless translational energy
g Dimensionless relative velocity

*Graduate Research Assistant, Department of Aerospace Engineering. 135 Hammond Building, University Park, PA 16802.
Student Member ATAA.

t Associate Professor, Department of Aerospace Engineering; dalevin@psu.edu. 233 Hammond Building, University Park,
PA 16802. Associate Fellow AIAA.

{Ingrid. Wysong@edwards.af.mil. 10 E Saturn Blvd, Edwards AFB, CA, 93524. Associate Fellow ATAA.

Copyright (©) 2006 by the American Institute of Aeronautics and Astronautics, Inc. The U.S. Government has a royalty-free

license to exercise all rights under the copyright claimed herein for Governmental purposes. All other rights are reserved by the
copyright owner.

1 of 18

American Institute of Aeronautics and Astronautics Paper 2006-1193
Approved for public release; distribution is unlimited



Dimensionless post-collisional relative velocity

7 Reduced mass

v Coefficient of viscosity

w Viscosity index (w = v — 0.5)

0] Initial direction of rotational vector
(] Initial orientation of molecules

oy Reaction cross section

or Total collision cross section

Oy Viscosity cross section

Oel Elastic collision cross section

Otr Inelastic collision cross section
o¥HS VHS collision cross section

Co Effective number of degrees of freedom for vibration
b Impact parameter

d Diameter

E. Collision energy

E, Activation energy

E;n:  Internal energy
Eir Translational energy

g Relative velocity

J Rotational quantum number
k Boltzmann constant

Ky Reaction rate constant

m Mass of a molecule

P, Reaction probability

A
Qint Partition function for internal modes
Q-0+ Rotational partition function
Qvip  Vibrational partition function
v Vibrational quantum number

I. Introduction

The modeling and simulation of chemically reacting flows caused by the interaction of a jet positioned
on the side of a hypersonic rocket is a challenging. The forward and aft reaction control systems (RCS)
engines provide the thrust for attitude maneuvers to control the vehicle trajectory. The investigation of the
interaction of RCS jets with the rarefied atmosphere is needed at high altitudes since the relative velocities of
the freestream atomic oxygen-plume chemical species are sufficiently high to produce chemical species that
can radiate in various portions of the optical spectrum. We consider a generic RCS-vehicle geometry with
freestream conditions corresponding to those of high altitude, hypersonic flight for a lateral side jet thrusting
perpendicular to the rocket velocity vector into a near-vacuum environment. An important feature of the
jet interaction are the hypervelocity chemical reactions between the jet and atmospheric species that occur
for reactant conditions very far from the conditions for which the Arrhenius kinetic rates were obtained.

In earlier work," we demonstrated the utility of direct simulation Monte Carlo (DSMC)® simulations
at 80, 120, and 160 km altitudes. The entire set of the chemical reactions between thruster side jet and
plume-atmospheric species includes reactions between oxygen and nitrogen species as well as ones that
either produce or consume OH (see Table 1). The complete list of chemical reactions modelled in the DSMC
simulations may be found in Ref. 1. The first three reactions in Table 1 involve the dissociation of water by
freestream constituents, N3, Oz, and O. The relative importance of these three reactions will change with
altitude. The last four reactions are exchange reactions between the freestream and plume constituents. The
following two exchange reactions, O+Hy and O+HCI, are potentially important because both Hy and HCl
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are present in relatively large mole fractions of divert solid propellant motors. At altitudes of 120 km and
higher, O exchange with HCI was found to contribute more than 70 % of the OH produced. Also, it was not
possible to establish a consistent trend in terms of the relative contributions of the OH producing chemical
reactions as a function of altitude.

A detailed study of the DSMC flowfield calculation at 120 km altitude for a freestream velocity of 5 km/s
illustrated an important problem in the reaction model for O+HCL A schematic of the flow geometry for
the RCS jet plume-atmospheric interaction is given in Fig. 1. Figure 2 shows the spatial distribution of the
total collision energy (TCE)® reaction probability for O+HCl — OH+Cl in the X-Y plane. The interaction
region ahead of the jet is seen for an altitude of 120 km and a freestream velocity of 5 km/s. It is observed
that the TCE reaction probabilities for this reaction are greater than one in the interaction region. Figure
3 shows the distribution of the TCE reaction probability for all of the O+HCl — OH+CIl reactions, with
the result that more than 10 percent of the reactions have a probability greater than one. Since the reaction
probability cannot be greater than one, the specific implementation used in Ref. 1 was to artificially limit the
reaction in all cases. This essentially causes a much smaller number of reactions to occur in the simulation
compared to that governed by the Arrhenius equation.

For hypervelocity collisions, such as occur in the atmospheric - jet interaction flows, the extension of
the reaction rate for the O+HCI reaction to temperatures higher than 3,000 K and the subsequent use of
the rate in the TCE model are problematic. In order to reevaluate the adequacy of the present model for
the O+HCI reaction, it was decided to improve upon the TCE model by use of a more exact, fundamental
approach that uses the molecular dynamics/quasi-classical trajectory (MD/QCT) method to calculate the
reaction collision cross sections. In addition, the Dynamic Molecular Collision (DMC) model was used to
calculate both total collision cross sections and viscosity collision cross sections, and the MD/QCT viscosity
collision cross sections were compared with those of the variable hard sphere (VHS) model.

Table 1. Freestream-plume species reactions for OH production reactions used in the TCE model

Reaction A, m3/s n E,, x10719 J
HsO+N2—OH+H+No 5.81 x 107 0.00 7.314
Hy0+4+02—OH+H+0, 1.13x 10°7  -1.31 8.197
Hy0+0—OH+H+0 1.13x 1077 -1.31 8.197
H;0+0—OH+O0OH 1.13 x 1071 0.00 1.275
H+05—0H+0 1.66 x 1071 0.00 1.061
O+Hs—OH+H 3.12x 107 0.00 0.952
OH+Cl—O+HCl 3.10 x 10727 2.91 0.070
O+HCI—OH+Cl(Mahmud)®  5.60 x 10727  2.87 0.244
O+HCI—OH+CI(Xie)® 1.70 x 10722 1.485 0.408

The MD/QCT modeling builds on the work of Ozawa et al” wherein the TCE chemical reaction model®
was compared with MD/QCT calculations for reactions related to the production of OH in a bow-shock.
The MD/QCT method enables the physical investigation into reaction cross sections, viscosity cross sections
as well as total collision cross sections. It was found that at higher altitudes, the discrepancy between the
TCE and MD model was larger due to the greater thermal non-equilibrium. The MD/QCT model is less
affected by the translational energy, compared to the TCE model, but it is more sensitive to the reactant
internal energy.

The outline of the remainder of this paper is as follows. The MD/QCT modeling of the reaction and
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total cross sections is presented in Sec. II and compared with the results of the TCE model using newer
Arrhenius parameters as well as more accurate O+HCI viscosity values at high temperatures. In Sec. III, we
discuss the specific DSMC numerical parameters used for the single freestream condition that we examine
here, 120 km, 5 km/s. Finally, in Sec. IV, we present detailed comparisons of the MD/QCT results with the
TCE model and compare the changes observed in the DSMC simulation for the different chemical reaction
parameters for the O4+HCI reaction. Although there are multiple chemical reactions that contribute to the
production of OH, we limit on discussion to the O+HCI reaction since this is the most energetically favorable
reaction path.

II. MD/QCT Modeling of the Reaction Probability and Total Cross Section

A. MD/QCT Reaction Probability

The widely used method for calculating the reaction probabilities in DSMC is the TCE model.>% In this
model, the reaction probability has a special form that allows one to match experimental reaction rates
K¢(T) in modified Arrhenius form,

Ky = AT" exp(—E, /kT), (1)

where A is the preexponential factor, n is the temperature dependence, and E, is the activation energy.
The Arrhenius data presented in the Table 1 were used to calculate the reaction cross sections based on the
TCE model. In our previous work," the rate of Mahmud et al,> A = 5.6 x 10~27 m3/molec/s, n = 2.87, and
E, =2.44 x 10720 J, was used for O+HCl—OH+C]l, but in this work, a newer Arrhenius expression based
on the calculations of Xie et al® was used.

A parallel MD code was developed to calculate the reaction and viscosity cross sections using the QCT-
internal energy quantum mechanical threshold (QCT-IEQMT) method.® For the O+HCl—OH+Cl, the ab
initio 3 A" potential energy surface of Ramachandran and Peterson (RP)* was utilized. This surface was also
utilized by Xie et al, who computed both QM and QCT reaction cross sections for a range of energies.” The
present results agree closely with those of Xie’s for the same energy conditions. However, it was necessary
for us to perform our own MD/QCT calculations since a large set of probabilities are required for the DSMC
flowfield simulation, and we require cross sections for total collision energy values of E. up to 8 x 107'° J.
In addition, DSMC uses continuum vibrational and rotational energies, requiring a table of probabilities for
a range of E;,;, while Xie et al computed reaction cross sections for v=0,1, and 2 states only.

The MD/QCT reaction probability is the ratio of the reaction cross section obtained by the QCT-
TEQMT method to the total collision cross section. An efficient Monte Carlo numerical procedure is utilized
to evaluate the multidimensional integrals associated with averaging of the scattering geometric properties
before a collision. The Monte Carlo method converges at a rate that is independent of the dimensionality of
the integral. In order to utilize the Monte Carlo method, the specific initial states of each of the trajectories
that correspond to the desired reaction cross section, such as o(7T'), o(v, j, Etr) or o(Eint, Etr) are needed.
Microcanonical sampling enables one to efficiently sample the initial states of the target molecule of equal
energy to obtain the trajectory initial conditions necessary to perform the MD/QCT calculations.'® For the
DSMC simulations, the reaction probability of a chemical reaction as a function of translational energy Ej,
and molecular internal energy E;,¢, is used. The reaction cross section is obtained by evaluating whether a
O+HCI collision ends in a chemical reaction by

N,
2
or = WbmawN_; (2)
where N, is the number of trajectories that result in a reaction and N7 is the number of total trajectories.
In previous work,” the reaction probability was assumed to be
Or

P, =

3)

OVHS
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where the collision cross section was found to be very close to the VHS cross section using Bird values.” For
the O+HCI case, however, it will be shown that the MD/QCT total cross section is different than that given
by the VHS model and a different relationship will be used to obtain the MD/QCT reaction probability.

B. Total Collision Cross Section

As mentioned above, in our previous work, the variable hard sphere (VHS) model with Bird values was used
for the total collision cross section. The VHS cross section is defined by o} 75 = rd? with®

d= dTef[2kTT6f/(N92)w/F(2 - w)]1/2, (4)

where w = 0.375, dyey = 4.38 A, and Trey = 273 K for the O+HCI reaction in Ref. 5. The reference
diameters are calculated from the viscosity data,

dres = ( 30(mkTyes /)% (1/2
Tl T G = 2w) (T — W) ey’

(5)

One could also attempt to calculate the total collision cross section for the RP potential surface, but the
unbounded nature of a classical total cross section for a realistic potential comes into play. To illustrate, one
may use the MD/QCT method to compute,

. N,
or = benawN_; (6)

where N, is the number of trajectories that result in a collision and N7 is the number of total trajectories.
However, in order to decide whether a collision has occurred, the cut-off deflection angle x is needed, and
o7 was found to be strongly dependent on the cut-off angle x for the O+HCI system.

Figures 4 and 5 show the distribution of the deflection angle x for O+HCI collision at E;,,; = 0.5 x 10~1?
and 2.0 x 1071% J, respectively, for three different relative collision velocities obtained from our MD/QCT
calculations. These HCI internal energies were chosen because these numbers are in the energy range of
interest in the flowfield freestream conditions at 120 km and velocity of 5 km/s. As may be seen in the
figures, the translational and internal energies increase, the peak deflection angle x shifts to small angles.
Note that the deflection angle distribution shown in Fig. 4 is based on a smaller range of impact parameters
than that for Fig. 5. Our QCT procedure only considered trajectories out to the impact parameter value
where the reaction probability became negligible. Thus, the higher E;,; case considers trajectory samples
from higher impact parameter values. This fact leads to the visibly lower occurrence of high deflection angles
for the Eint = 2 x 107'9 J case in Fig. 5 for v = 3 km/s. The MD/QCT collision cross section results
change with different selected cut-off angles. (The question of whether different values of internal energy
should be assigned different DSMC collision cross sections has been discussed,'! but will not be considered
here.) Thus, for higher internal and translational energies, the cut-off angle is more important, and it is
difficult to define. Therefore, the DMC method is utilized to calculate the viscosity cross section.

For implementation in DSMC, it is more consistent to obtain a transport-based collision cross section
(usually viscosity) from which to convert a reaction cross section to a reaction probability, since the DSMC
method already uses the VHS model viscosity-based cross section as the basis for computing the number of
collisions per cell per time-step and as the basis for collision dynamics (hard-sphere isotropic scattering). In
this spirit, the work of Tokumasu and Matsumoto'? demonstrated the Dynamic Molecular Collision (DMC)
model to calculate an accurate viscosity cross section for the given potential using a Monte Carlo method for
integration. While the integration over the impact parameter becomes infinite for the total collision cross
section, those for classical momentum and energy transfer cross sections are finite. Therefore, the viscosity
cross section was calculated first, and converted to the equivalent VHS collision cross section for each collision
velocity.'?
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The viscosity cross section is calculated by the Monte Carlo evaluation of an integral given by Ref. 13

4
S = [ (5 s+ 5(Abine)? = 5 (Abinr)?sin? x) (7)
where § is defined as \/p/kTg, é;n: is nondimensionalized by kT, and Aé;,; is the change of the dimensionless
HCI internal energy before and after a collision. The quantities x, § and Aé;,; are obtained from the
similar MD/QCT calculations for the reaction probability except the sampling of initial trajectory conditions
corresponds to the geometric pre-collisional conditions specified by Aé;,;. The MD viscosity cross section
ou,mD converges when the maximum impact parameter is selected so that the effect of potential is neglected.
The integral [()dr specifies

/ )dr = / e / / 2” / dd’ d¢][1sznxdx][27rbdb] ®)

where by,4, is the cut-off impact parameter. In addition, the viscosity coefficient 7 is obtained by'*
1 8 1 < o o Etr Mg2 E’UJ

e d dJ dE, —(2J+1 — — . 9

n 52rukT Qint/o ”/0 /0 wougpp (27 + Dexp (-7 = ) ©)

The equivalent VHS collision cross section is o7 = wdf, and the diameter for the total collision cross section
can be obtained by

6o ,MD

III. DSMC Models, Numerical Parameters, and Freestream Conditions

Figure 1 shows the flow geometry used in the modelling of the interaction of the atmosphere and the RCS
jet. A small rocket is modeled as a blunted cone cylinder and a thruster positioned on the cylinder right
after the cone-cylinder junction. The radius of the cylinder is 0.2 m, and the length from the head of the
cone to the nozzle exit is 2 m. In this work, the angle of attack is zero. The freestream parameters at 120 km
altitude are listed in Table 2. A starting surface was obtained from the axisymmetric DSMC plume core-flow
DSMC simulations. The plume core-flow DSMC simulations were performed with the nonuniform nozzle
exit condition.’'® The density isolines of about 6 x 102! molecules/m? were taken for the starting surface
of a 60-1bf (270-N) thruster. The starting surface is an oval shape with approximate z and y dimensions of
0.3 and 0.5 m.

Table 2. Freestream parameters

Parameter 120 km

Temperature, K 354

Number density, molec/m®  4.73 x 10'7

Oz mole fraction, % 9
N2 mole fraction, % 73
O mole fraction, % 18

The three-dimensional DSMC calculations were implemented in the SMILE computational tool. The
gas is considered a 14-species reacting mixture. Approximately 18 million molecules were simulated in

6 of 18

American Institute of Aeronautics and Astronautics Paper 2006-1193
Approved for public release; distribution is unlimited



the computational domain. Separate grids were used for collisions and macroparameters adaptive to flow
gradients. The total number of collision cells was approximately 5 million. The total number of time steps
was about 100,000 with a time step of 2.0 x 10~7 s. Macroparameter sampling was started after 20,000 time
steps, a time sufficient to reach the steady state. These parameters were chosen to minimize the statistical
dependence between simulated particles, remove the grid dependence of the results, and furnish sufficient
spatial resolution of the boundary layer along the rocket.

The majorant frequency scheme'® is employed for modeling the molecular collision frequency to enhance
the statistical representation. For trace species, a weighting factor of approximately 0.01 was used. The
VHS model was used for modeling non-reactive interactions between particles. The Borgnakke-Larsen'’
(BL) model (also see Ref. 18) with temperature-dependent rotational and vibrational relaxation numbers
was chosen for modeling rotation - translation and vibration - translation energy transfer. The effective
degree of freedom for vibration was modeled to be temperature-dependent. The TCE model was used to
calculate the chemical reaction probabilities. For the O+HCl—OH+CI reaction, both the TCE and MD
models were used. The entire set of the chemical reactions can be found in earlier work," and the OH
production reactions used in this work are presented in Table 1. The gas-surface interaction was modeled

using a diffuse model with total energy and momentum accommodation with a rocket wall temperature of
300 K.

IV. Results and Discussion

A. Rate Constant for O+HCIl - OH-+CI1

Although the DSMC method requires the probability of a reaction, instead of the rate constant, the latter
quantity provides a consistency check for the MD/QCT calculations presented in this work. Figure 6 presents
the reaction rate constant calculated using a parallel MD code between 1,000 K and 3,000 K. The reaction rate
may be calculated from the reaction cross section by averaging the target molecule (HCl) over a Maxwellian

equilibrium distribution,
i (BRI 1
kf = f(T)Q'vi%)Qrolt (—> (k_T>

T
xS @7 +1) /Ow /Obw P,(v,J, Eur,b)
X e:cp(iEtr/kT)%rbdbEtrdEtT, (11)
and for O+HCI,
£(T) ’ (12)

T 5+ 3exp(—228/T) + exp(—326/T)

The factor f(T') is the probability that the target molecular system is initially on one of the three electronic
surfaces that allow a reaction to occur. This temperature dependent expression accounts for the spin-
orbit splitting of the overall triplet reagents. The typical number of trajectories per temperature value was
approximately 20,000. Figure 6 shows that the rate of Mahmud et al” used in our previous DSMC calculations
is higher than the QCT(RP) rate obtained with the RP surface in this work and the improved canonical
variational theory (ICVT) rate constant of Xie et al.”> The QCT (RP) rate is slightly lower than the ICVT
rate because only the 3 A" surface was used for QCT calculations, and the 3 A’ surface contribution increases
for higher temperature. In addition, the tunneling effect, not included in the MD/QCT calculations, is more
important for lower temperature.
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B. Reaction Probability for O+HCI]l - OH+CI1

Figure 7 shows a comparison of reaction probabilities between the MD and TCE® models as a function of
reactant internal energy at 3 and 5 km/s relative velocities. The MD reaction probability is calculated here
as the reaction cross section divided by the VHS cross section using Bird’s values.® The rate of Mahmud et
al? used for our previous simulations and the rate of Xie et al® are also shown in the figure. The effective
number of degrees of freedom for vibration (, mci = 1 is used, and the VHS model with the parameters of
Ref. 5 of w = 0.375, dyy = 4.38 A and Trey = 273 K was used for all the three cases in this subsection.
In the next subsection, the fidelity of the VHS values used will be discussed. It can be seen that the TCE
probabilities computed from the rate of Mahmud et al are much higher than the MD/QCT or TCE model
using the Arrhenius parameters derived from the rate coefficients computed by Xie et al for both relative
velocities. This result is consistent with our previous calculations in which the probabilities for the O+HCI
reaction were found to be greater than one. For the 3 km/s case, the MD/QCT model predicts slightly higher
reaction probabilities than the TCE with the rate calculations of Xie et al.> Nonetheless, at 5 km/s, the
discrepancy becomes more significant, and the MD/QCT model predicts higher probabilities than the TCE
model. The reason for this is as follows. For the TCE model the reaction probability increases uniformly
as the translational energy increases. However, the MD reaction probability does not necessarily increase
uniformly as the translational energy increases.

C. Collision Cross Section for O+HCI

In the previous subsection, the VHS collision cross section with w = 0.375, d,e; = 4.38 A and T.; = 273
K was used. In this subsection, the preferred values for VHS for O+HCI collisions is investigated. In our
earlier reported results,'>'° the viscosity index w of 0.25 for O and w of 0.5 for HCI were used,” ' i.e., the
HCI molecule was treated in the Maxwell model. However, although the viscosity index w of HCI is 0.5
between 20 and 99 °C, for some gases, w decreases as temperature increases.'” Therefore, the VHS total
cross sections obtained from a Maxwell molecule may not be accurate for higher temperatures.

Let us consider the selection of the two parameters of coefficient of viscosity v and the reference diameter
dyey for the VHS model. The parameters used in the previous DSMC calculations were mostly obtained from
viscosity data in the low temperature range.'® Figure 8 shows the variation of viscosity coefficient of HCI
from 100 to 5,000 K. In the figure, the data of Svehla’’ and the data (Bird) in Ref. 19 are shown. Svehla
estimated the viscosities using the Lennard-Jones (12-6) potentials. From the data (Bird), the coefficient
of viscosity of HCl vy, is 1.0, and with vge; of 1.0, the coefficient of viscosity is higher than the data of
Svehla. The coefficient of viscosity of HCl vg¢; of 0.65 agrees well with the data of Svehla between 1,000 and
5,000 K. The VHS parameters for HCI are listed in Table 3. It is seen that the value of w is quite different
for low and high temperatures.

Table 3. VHS parameters for HCI1

Data w drejs A Trep, K

Bird 0.50 5.76 273

Svehla  0.15 3.15 5,000

Using the RP 3A” surface in the MD/QCT calculations, the quantities such as deflection angle and the
change in HCI internal energy are obtained and used in Eq. (7) to calculate the viscosity cross section.
The change in HCI internal energy, €;,;, is obtained by analyzing the momentum of the post-collisional
HCI species in each trajectory. To account for the neglect of the RP A" potential, the maximum impact
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parameter was selected such that the rate of translational energy transfer was less than 10 %, and the MD
viscosity cross section o, prp converged. The DMC method is used in this work to obtain both the O+HCl
viscosity coefficients as well as the VHS-equivalent collision cross section.

The O+HCI viscosity coefficient for high temperatures was calculated by the DMC method. Figure 9
shows a comparison of the viscosity coefficients obtained from the MD/QCT results and the O and HCI data
in Ref. 19 (Bird) and data of Svehla.”’ To compare with the MD/QCT result we take the average of the
separate O and HCI viscosity coefficients. The MD/QCT results for O+HCI are believed to be the most
accurate and fall above or below the data of Refs. 19 (Bird) and 20, depending on the temperature. The
agreement between the MD/QCT results and the viscosities derived from the low-temperature data of Ref.
19 is good. At higher temperatures, the difference in the MD/QCT results and the viscosities derived from
the coefficients of Svehla is attributed to the simpler potential model used in the latter calculations.

Figure 10 presents a comparison of the collision cross sections between the DMC(MD/QCT) and VHS
models at Ej,; = 0.5 x 1072 and 2.0 x 1079 J. For the two viscosity parameters tested in the VHS model,
Fig. 10 shows that the collision cross sections are greater with high temperature data of Svehla.”’ The
VHS cross section with wger = 0.15 and dpcirey = 3.15 at 5,000 K (Svehla) is significantly larger than
the VHS cross section with wre; = 0.5 and dpcires = 5.76 at 273 K (Bird) by more than 50 %. The
MD/QCT results are between the VHS cross sections obtained from the data of Ref. 5 (Bird) and those
of Svehla.?’ Therefore, if the MD/QCT VHS-equivalent collision cross section in Eq. (10) is used, lower
reaction probabilities are predicted than those that would be obtained from the VHS cross sections using the
data in Ref. 5 (Bird). Also, it was found that the MD/QCT VHS-equivalent cross section does not change
significantly with changes of the HCI internal energy. Since the MD/QCT VHS-equivalent cross section is
not dependent on the HCI internal energy, the cross sections could be fit to the simpler VHS model. The
parameters, w = 0.39 and dycf,1000xk = 3.9 A were found to give a good fit of the MD /QCT cross sections
to the VHS form. The total cross sections derived from these parameters will be designated as a‘T/,IJ{,I%.

The inelastic collision cross section is defined for collisions that do not react but produce a change in Ey,
as,

oo = / (Aép)2dr, (13)
and is related to the total collision cross section as
OT = Oty + O¢; + Op. (14)

The quantity Aéy, is the change of the dimensionless translational energy before and after a collision and was
calculated from the MD/QCT pre and post trajectory HCI conjugate momenta for non-reactive trajectories

as,
12 ~2

Aéyr = 97 +écm — % (15)
where éc s is the dimensionless center-of-mass translational energy. Figure 11 shows the inelastic collision
cross section as a function of the relative velocity. As shown in the figure, the inelastic cross section decreases
as the translational energy increases. It is also found that the inelastic cross section is a function of both
the translational and internal energy. However, because the change of oy, is insignificant compared to the
VHS-equivalent collision cross section, G‘T/’IJ{,ISD does not show a strong dependence on internal energy.
Figures 12 and 13 show a comparison of the reaction probability for O+HCl — OH+Cl calculated by
using the reaction cross section divided by either the VHS model (Bird) or a}/’IJ{,ISD at 3 km/s and 5 km/s,

respectively. The VHS model with w = 0.39 and dy.f,1000x = 3.9 A was used to represent a‘T/jIJ% because

the MD/QCT collision cross section results agree well with the VHS model with those parameters as shown
in Fig. 10. Both the MD/QCT and TCE reaction probabilities using o/}, are lower than those with
the VHS cross section (Bird, wrcr = 0.5) because oy %, are greater than the VHS cross sections (Bird,

wrcr = 0.5). However, the change in the TCE model is smaller than that in the MD/QCT model.
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Figure 14 presents the distributions of the Aé;p; at 5 km/s for O+HCI collision for two initial internal
energies. Aé;,; was calculated by Aé;ny = €5, — éint- Figure 14 shows that as the initial HCI internal
energy increases, the Aé;,; distribution spreads. In other words, the inelastic cross section increases, as the
initial internal energy increases, as is generally expected based on simple models (see e.g., Ref. 21). At
Eini = 0.5 x 1071 J, energy is mostly transferred from the translational to HCI internal modes. Figure 15
shows the distributions of the Aé;p; at Ejpy = 2.0 x 10712 J for different collisional translational energies.
At 3 km/s, the energy is transferred from the HCI internal to translational mode. However, as the initial
translational energy increases, the energy shifts from the translational to internal modes. In general the
results show a tendency toward energy equilibration between modes. Where Ey. > F;,s, the E;;; gains and
where E;,; > Ei,, the Ey,. gains.

D. DSMC Calculations

First, the TCE model with the rate constant of Xie et al® for the O+HCl — OH+Cl reaction was utilized for
the DSMC calculation at 120 km altitude for freestream velocity of 5 km/s. For the TCE model, the VHS
total collision cross section for O4+HCI with w = 0.375, d,.y = 4.38 A and Trey = 273 K was used. Figure 16
shows the Ny number density (molecule/m?) contour for this case. Note that the change of chemical reaction
models does not affect the overall flow field. The maximum N, number density is about 1.2 x 10'® m—3
between 1 and 2 m ahead of the rocket cone. Figure 17 shows the translational temperature contour with
the rate constant of Xie et al for the O+HCI — OH+Cl reaction at 120 km altitude for freestream velocity of
5 km/s. Similar to the total number density, the overall translational temperature profile does change with
the different reaction probabilities for the O+HCI reaction. While the high number density shock region is
located between z = -2 and -1 m, the high temperature shock region is shifted more forward than the high
number density shock region. Figure 18 shows the Mach number contour at 120 km altitude for freestream
velocity of 5 km/s. The high temperature shock region and low Mach number region are nearly the same.
Secondly, the DSMC calculations were implemented with three chemical reaction models at 120 km
altitude for freestream velocity of 5 km/s. For the O+HCl — OH+Cl reaction, the TCE model with the
previous rate constant” (1) and the rate constant of Xie et al® (2) and the MD/QCT reaction probability
(3) were used. The MD/QCT reaction probability for O+HCl — OH+Cl used in this subsection is the
ratio of the MD/QCT reaction cross section to a¥ﬂ%, and MD/QCT reaction probabilities were tabulated
to be used in DSMC. Figure 19 shows the OH number density contours with the TCE model of the rate
(2) for O+HCI at 120 km altitude for freestream velocity of 5 km/s. The maximum OH number density
was about 2 x 10 m—2 with this chemical reaction rate. In Figs. 20 and 21, the comparison between
the three chemical reaction models is shown. Figure 20 presents the OH number density distribution along
the y = 8 m line. Figure 21 shows the OH number density distribution along the z = —1.5 m line. As
expected, the TCE model predicts higher OH production than the MD/QCT model. With the rate (1), the
OH was produced much more than the other two cases (2) and (3) because the probability for O+HC] was
significantly high as shown in Fig. 2 and 7. With the rate (2), the maximum OH number density is reduced
by more than 50 %, and with the MD/QCT probability, it is reduced by a factor of 4. In the shock region,
the reaction probabilities changed dramatically between the rate (1) and (2) for the TCE model. With the
rate (1), the reaction probabilities result in greater than one. (In the DSMC calculation, they are set to
one.) Due to the jet-atmosphere interaction, high translational energies result in high reaction probabilities
for the TCE model. About 10 percent of the O+HCI collisions results in the probability greater than one
with the rate (1) using the TCE model as shown in Fig. 3. In contrast, with the rate of Xie et al (2),
most of the O+HCI collisions are predicted to have the reaction probability smaller than 0.4 (see Fig. 22).
The reaction probability with the MD/QCT is further lower than the other two, and more than 80 % of
the reaction had the probability of lower than 0.1 as shown in Fig. 23. Using the same VHS (Bird values)
collision cross section between the TCE and MD/QCT, the TCE with the rate (2) predicts higher reaction
probability than the MD/QCT as shown in Fig. 7. In contrast, if both the reaction and total collision cross
sections are obtained by the MD/QCT method, the MD/QCT reaction probability becomes lower than the
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TCE with the rate (2). At 5km/s, the probabilities between the MD/QCT and the TCE with the rate (2)
are very close, but at 3km/s or 8km/s, the TCE probabilities with the rate (2) predicts higher than those
with the MD/QCT.

V. Conclusion

The chemical reacting flows with the interaction of a jet have been simulated using the DSMC method.
The objective of this work was to improve the fidelity of the chemical reaction models in DSMC, and
analyze the most important chemical reaction, O(®*P)+HCI(!¥*) — OH(2I)+CI(2P) in the atmosphere
- jet interaction flows. The MD/QCT calculations were performed for the O+HCI reaction using the ab
initio 3 A" potential energy surface of Ramachandran and Peterson (RP)* for both reaction and collision
cross sections. The DMC model was used to calculate the viscosity cross sections, and the VHS-equivalent
collision cross sections were obtained with the assumption of isotropic scattering. Finally, the MD/QCT
reaction probabilities were compared with those obtained by the TCE model with two rates.

These results show that using the same VHS collision cross section, the MD/QCT reaction probability
was predicted to be lower than the TCE probability with the rate of Mahmud et al® used in Ref. 1 (1) and
higher than the TCE probability with the rate of Xie et al® (2). The TCE model with the rate (1) predicted
the reaction probability higher than one in the energy range of interest. In general, the TCE model provides
reasonable results if it uses reasonable Arrhenius pararmeter values and if there is no strong favoring in the
reaction among different forms of reactant energy.

The VHS cross section is very sensitive to the viscosity parameters, and there is something of uncertainty
in it. Therefore, to be more accurate, the MD/QCT total collision cross sections using the DMC model were
calculated for each condition. The energy transfer between the translational and internal modes was also
investigated. While the translational energy transferred to the internal energy at the initial HCI internal
energy of 5 x 10720 J, the average of energy shift was almost zero at the initial HCI internal energy of
2 x 1071 J. However, the magnitudes of the inelastic cross sections are small compared to the total cross
section. The dependence on the initial internal energy is so small that the MD/QCT VHS-equivalent collision
cross sections were converted to fit the VHS with w = 0.39 and d,.; = 3.9 at 1,000 K. These values were
used for the MD/QCT reaction probabilities, and these probabilities were tabulated to be used in DSMC.

The DSMC simulations were performed for the atmosphere - jet interaction flows for an altitude of 120
km and a freestream velocity 5 km/s. The chemical reaction models did not affect the overall flowfield, but
affected the properties of product species, OH. Although the TCE with the rate (1) resulted in the reaction
probability higher than one, the TCE with the rate (2) and MD/QCT models showed the O+HCI reaction
with the probability less than 0.4. Also, the OH production was slightly lower with the MD/QCT than the
TCE with the rate (2).
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